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The Raman spectra of Rb,KLuF¢ elpasolite crystal have been studied Received 14 May 2018

in a wide temperature range, including two phase transitions: from Accepted 31 October 2018
the cubic phase to the tetragonal phase and then to the monoclinic
phase. The results of an analysis of the temperature dependences of
the parameters of spectral lines are in good agreement with the
thermodynamic data on the phase transitions. The analysis of Raman
spectra shows that the transition from cubic to tetragonal phase is a
second-order transition and the transition from the tetragonal to the PACS NUMBER
monoclinic phase is a weak first-order transition. 78.30.Hv; 78.30.-j
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1. Introduction

This work is devoted to the analysis of temperature phase transitions in the Rb,KLuFg
crystal. The Rb,KB®™F crystals belongs to the elpasolite family with common formula
a,8VB@x,, where a and B are metal cations or more complex molecular ions and x are
oxygen anions or halogens. This family of crystals accommodating divalent and trivalent
cations in perfect octahedral sites (B) of cubic crystal structure [1-5]. The real cubic
crystal structure of haloid elpasolites is unstable. It is because of the instability of real
crystal structures these crystals can undergo structural phase transitions or exist in a
distorted phase up to the melting temperature. The nature of the transitions is ferroelas-
tic [6-10].

The decreasing the size of the cation leads to the change of the structural phase
transitions sequence from one transition Fm3m - P12,/n1 for B®™ = Ho, Dy, Tb to
two transitions Fm3 m - I4/m - P12,/nl for B®") = In, Sc, Lu [1]. The transitions in
the Rb,KInFs and Rb,KScFs are associated with small rotations of B®™F, octahedra
and displacements of rubidium atoms. The transitions are the displacement type, which
are accompanied by the condensation of a soft phonon mode. The studies of isostruc-
tural elpasolites Rb,KHoFs and Rb,KDyFs [7, 11, 12] have shown the first-order phase
transition in these crystals. The total entropy change upon transition from the cubic
phase to the monoclinic phase depends on the size of the trivalent ion and decreases
from 1.3R (Ho) to 0.7R (Sc) [1]. The maximum value (1.3R) is rather large for purely
displacive transitions but does not allow to assign these transformations to order-dis-
order transitions. Therefore, it seems interesting to do new research with other ions of
rare-earth elements and analyze the data obtained for several fluorides to explain the
mechanisms of phase transitions. The Raman spectroscopy can be an additional
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powerful tool for studying phase transitions. This method allows one to estimate the
role of molecular groups in the phase transition mechanism and character of phase
transitions.

2, Experiment

The crystals Rb,KLuFg were synthesized in a solid-phase chemical reaction from a mix-
ture of the fluorides RbF, KF, and LuF; taken in the appropriate proportions. The reac-
tion was carried out in sealed platinum ampules in an atmosphere of argon.

Raman scattering spectra of Rb,KLuF¢ crystal have been studied in the temperature
range from 8 K to 390 K. Because of the small sample size, we could not observe polar-
ized Raman spectra. Raman spectra were collected in backscattering geometry, using a
triple monochromator Jobin Yvon T64000 Raman spectrometer operating in double
subtractive mode then detected by a CCD cooled at 140 K. The spectral resolution for
the recorded Stokes side Raman spectra was set to 1 cm ™" (this resolution was achieved
by using gratings with 1800 grooves mm ' and 100 um slits). The microscope system
based on Olympus BX41 microscope with a 50x objective lens f=10.6 mm of NA 0.5
provides a focal spot diameter of about 5um on the sample. Single-mode argon
514.5nm of Spectra-Physics Stabilite 2017 Ar™ laser of 100 mW power (15mW on the
sample) was used as excitation light source. We fitted the spectra using damped har-
monic oscillator functions. Approximation of internal mode positions was performed
using the dependence which corresponds to decay into two phonons:

1 1
Q(T) = All
(T) = o0 + ( + exp (chQp /keT) — 1 * exp (chQp /kgT) — 1)’

h, kg, and c are the reduced Planck constant, the Boltzmann constant, and speed of
light, respectively.

3. Discussion and conclusion

The Rb,KLuFq crystal undergoes two structural phase transitions: from the cubic phase
to the tetragonal phase at T; = 270 K (I114/m, Z=2) and then to the monoclinic phase
at T, = 366 K (p12,/nl, Z=2) [13, 14].

Vibrational representation in the cubic phase at Brillouin zone center is:

Cyibe(Fm-3m) = Ayg(xx, yy, 22) + Eg(xx, yy, 22) + 2Fag(x2,y2,Xy) + Fig + 5E1y + Fau
(1)
In the tetragonal phase
Lyine (I114/m) = 3Ag(xx, yy, 22) + 3Bg(xx, yy, xy) + 3E4(xz,yz) + 5A, + 6Ey + By (2)
In the monoclinic phase
Lyine (P12 /n1) = 12A4(xx, yy, 22, Xy, yX) + 12Bg(x2, yz, 2%, 2y) + 18A, + 18B, (3)

where corresponding components of the Raman scattering tensor are given in brackets.
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Figure 1. Correlation diagram of the internal vibrational modes of LuFg for the cubic, tetragonal and
monoclinic symmetries of the elpasolites.

The correlation diagrams of the modes expected in the Raman spectrum are shown
in Figure 1. The transition to the monoclinic phase is accompanied by doubling of the
unit cell volume. The modes at the X (0, 0, n/a) point at the Brillouin zone, including
the possible soft mode, are Raman-inactive; however, they can become Raman-active
below the second transition point (and the soft mode can also be recovered there). We
might even expect further splitting of the modes that are degenerate in the tetragonal
phase, including the recovering soft mode corresponding to the transition from the
cubic to the tetragonal phase.

The Raman spectra transformation in Rb,KLuF¢ with temperature is presented in
Figure 2. The spectra in the cubic phase (375 K) could be subdivided into four parts,
corresponding to vibrations of structural elements: region of lattice vibrations below
100cm™'; F-Lu-F bending region, 150-250cm™'; Lu-F stretching region,
250-400 cm ', Lu-F stretching (full symmetry vibration), 470-490cm™'. We could not
analyze in detail the behavior of the Eg symmetry Lu-F stretching mode. Table 1 shows
assignments and experimental band positions for Rb,KLuF4 Rb,KScFs, Rb,KInFg,
Rb,KHoF, Rb,KDyFs in the cubic phase. In the cubic phase of Rb,KLuFj, stable above
T =370 K, three lines are observed at 484, 210, and 62 cm (Figure 2) The vibrational
frequencies 484 and 210cm™"' correspond to the internal vibrations of LuFs octahedra.
The frequency of the only active lattice mode in the Raman spectrum is 62cm ™" at 375
K. Experimental band positions for Rb,KLuF4 crystal are slightly different from those
for Rb,KScF¢, Rb,KInFg, Rb,KHoFs, Rb,KDyFs. One can see a narrowing of the lines
mentioned above. Figure 2 demonstrates the appearance of additional lines at low tem-
peratures. This feature is in good agreement with the selection rules.
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Figure 2. Temperature transformation of Rb,KLuFs Raman spectra.

Table 1. The assignments, band positions in the cubic phase of the Rb,KB®*Fs.

Symmetry [this work] [6] Rb,KHoFg [6] Rb,KDyFg [7] Rb,KScFg [8] RbyKInFe [9] Rb,KYF¢
type Rb,KLuFg cm™" cm! ™’ ™’ ™’ ™’
Ag 484 472 470 505 507 470
Eq 380 390 379
Fag 210 204 202 230 218 210
Fag 62 61 65 89 69 60
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Figure 3. Raman intensity map of Rb,KLuF¢ crystal in the low wavenumber region.
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Figure 4. Temperature dependence of the A,y symmetry internal mode: a - position, b - line width
(Full Width on Half Maximum).

The behavior of low wavenumber lines at cooling is presented in Figure 3. It is
Raman intensity map in the low wavenumber region from red (high intensity of line) to
blue (low intensity). The new lines appear lower phase transition temperatures in the
Rb,KLuF4. One can see some anomalies of the behavior of Raman lines with tempera-
ture. We think that all splitting of the lines are connected with this phase transition.
The appearance of new lines is connected with doubling of the volume of the primitive
cell. In the low-frequency part of the Raman spectra, a soft mode is not observed. It
can be connected with the coupling of the Rb modes with rotational processes of the
LuF¢ octahedra.

The temperature dependence of the peak position of the internal mode (A, sym-
metry) and FWHM of the line is given in Figure 4. The previous investigations of the
temperature phase transitions in Rb,KScFs, Rb,KInFs, Rb,NaYFg crystals showed that
full symmetry mode does not change with temperature [8, 9, 15]. However, in our
experiment, one can see the abrupt change of the line position (483 cm ') behavior at
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Figure 5. Temperature dependence of the F,4 symmetry internal mode: a — position, b — line width
(Full Width on Half Maximum).

the 367 K in Rb,KLuFg (Figure 4(a)). Due to the continuous character of line width
(Full Width on Half Maximum), we may conclude that it is a weak first-order transi-
tion, i.e., nearly continuous (Figure 4(b)).

Temperature dependences of the line position and the width in the region of internal
F,; mode are given in Figure 5(a,b). The position of the line changes from 211.5 to
210.5cm™ ' under cooling. Two new lines appear below phase transition temperature at
186 and 237cm™" on both sides of the strong peak at 210cm ™" (Figure 1). Line width
decreases under cooling and changes the slope of the curve in the region of phase tran-
sitions (Figure 5(b)). According to Raman rules, we can expect splitting of triple degen-
erated (F;5) Raman active lattice mode and three modes can go from X point of the
Brillouin zone. Some lines are very weak, and we can see these lines only at low
temperature.

The analysis of the spectral anomalies is performed. It shows that transition from cubic
to tetragonal phase has second-order character. The transition from tetragonal to mono-
clinic phase has a weak first-order character. The phase transition at T; = 270 K in
Rb,KLuFg crystals is due to rotations of the LuF4 octahedron. The second phase transition
in Rb,KLuF; crystals is due to displacement of Rb ions and the rotation LuF4 octahedron.
The small values of the line half-widths and their temperature dependences indicate that
the vibration damping in the high-symmetry phase is determined by the decay of phonons
due to their anharmonicity and is not related to structure disordering.
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